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Abstract
Iceland and the encompassing Northeast Atlantic are characterized by abun-
dant volcanism, anomalously high topography and, in many places, anoma-
lously thick basaltic crust. This has been attributed to the Iceland Plume,
rising from the deep mantle, though its structure and very existence are de-
bated. Using seismic waveform tomography with massive datasets, we compute
a new, detailed model of the crust and upper mantle beneath Iceland and the
surrounding North Atlantic region. The model reveals a large, low-velocity
anomaly, indicative of high temperatures, at 400-660 kilometers depth beneath
eastern Greenland, where seismic receiver functions also indicate an extensive
high-temperature region. The anomaly rises upwards and eastwards toward Ice-
land, deflecting around the thick lithosphere of Greenland’s cratons, which we
also image in detail. We interpret the major low-velocity anomaly as the Ice-
land Plume, ascending from under Greenland and captured by the Mid-Atlantic
Ridge. The ascent of the plume beneath the western Northeast Atlantic is con-
sistent with its thin lithosphere, documented by our tomography, and abundant
seamounts. Our results reconcile previously contrasting views on the structure
of the Iceland Plume: while the plume is clearly visible in the transition zone
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beneath Greenland, it is confined to the upper mantle beneath Iceland
Keywords: waveform tomography, Iceland, mantle plumes, plume-lithosphere
interaction
The Iceland Hotspot is believed to have affected the Cenozoic evolution of
the entire Northeast Atlantic region, producing large volumes of thickened crust
and the intraplate basalts of the North Atlantic Igneous Province (NAIP)[1].
Since the 1970s[2, 3], these features have been interpreted as the signature of
the Iceland mantle plume, but the plume’s structure and very existence re-5
main uncertain until now. Seismic tomography is sensitive to the compositional
and temperature variations of the mantle and can detect the thermal anoma-
lies expected within mantle plumes[4]. The sparse and uneven distribution of
seismic stations in the Northeast Atlantic, however, has posed a challenge for
tomographic imaging. While early body-wave studies reported evidence for a10
vertically elongated, low-velocity anomaly under Iceland[5, 6, 7, 8], there is lit-
tle agreement on how broad the inferred hot anomaly is[8, 9, 10], where it rises
from[7, 11, 12], whether it is a mantle plume at all[11, 13, 14, 15] and if so, how
many plumes there are[9, 10, 16, 17].
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Iceland is located on the only portion of the Mid Atlantic Ridge (MAR)
above sea level and is characterized by anomalously thick crust[18], high topography[19,
20] and flood basalts (Fig. 1) with chemical signatures similar to the NAIP
volcanics[3, 21, 1, 22] that set them apart from the mid ocean ridge basalts.
Iceland’s anomalous features have long been related to the ridge interacting20
with the anomalously hot mantle, attributed to a mantle plume on the basis of
geochemistry[3, 21], seismic tomography[5, 7, 16] and numerical modelling[23,
17].
The NAIP intraplate basalts are unevenly spread across a very wide area
and over a 20 Myr time span, with simultaneous magmatic episodes occurring,25
at times, thousands of kilometres apart[1, 24, 25]. Additionally, the distribu-
tion of Cenozoic uplift in the Northeast Atlantic shows similar complexity[26],
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with proposed pulsed, plume-related doming as far south as the British Isles[27].
These observations have been difficult to reconcile with the classical view[2] of a
single, narrow, vertical plume, with recent work proposing additional complexi-30
ties in its structure to explain the data[28, 23]. This, together with the varying
resolution[13] of available tomographic models, limited by the highly uneven
data sampling, lead to a variety of proposed models, invoking the contribution
of additional other plumes under Jan Mayen[10] and the Azores[17], or an upper
mantle, non-plume origin of the Iceland anomaly[22, 11, 14, 15].35
Recent tomographic images[29, 10, 16] show complex—and often mutually
inconsistent—low velocity structures under Iceland that depart significantly
from the classical plume view[2]. In the upper mantle, asthenospheric fingers
from the Iceland Plume have been proposed to reach southern Norway and the40
Irish Sea[30, 10] at present, and the Baffin Bay during the Paleogene[23]. In the
deep mantle, the plume has been proposed to tilt to the south-east with increas-
ing depth[12, 10, 16], possibly linking Iceland to the African Large Low Shear
Velocity Province at the core-mantle boundary[19]. Anomalies in a number of
tomographic images[30, 10] have been interpreted as consistent with a plume45
under Iceland and reaching towards the Eurasian-Plate part of the Northeast
Atlantic. Yet, the distribution of recent intraplate volcanism[31] indicates that
the majority of intraplate seamounts have been forming, instead, on the North
American Plate.
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In this paper, we use waveform tomography with a massive dataset of re-
gional and global seismic waveforms to compute a new S-wave tomographic
model of the crust and upper mantle beneath the Northeast Atlantic. The in-
creased resolution allows us to image in detail the structure of the Iceland Plume
and its interaction with the lithosphere of Greenland and the MAR. After dis-55
cussing the main features of the model, we compare it with recent tomographic
models and other, independently derived geophysical, geochemical and geologi-
cal data to both validate our new inferences on the shape of the Iceland Plume
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and discuss its role in the complex evolution of the Northeast Atlantic region.
1. Waveform tomography60
NAT2021 is an azimuthally anisotropic, S-wave tomographic model of the
upper mantle and transition zone (TZ) under the North Atlantic region, com-
puted using waveform inversion of over 1.2 million global and regional seismo-
grams from over 27000 events and 6000 stations (Fig. 2). The seismograms were
waveform-fitted using the Automated Multimode Inversion (AMI)[32], which in-65
verts the surface-, S- and multiple S-wave parts of the wave train. Long period
fundamental mode surface waves (provided by global measurements) constrain
the deep upper mantle, while short periods (provided by short, regional paths)
carry the information on the fine-scale details of the crust, mantle lithosphere
and shallow asthenosphere. S and multiple S waves yield structural information70
on the heterogeneity in the deep upper mantle and transition zone. Although
the model construction is global, NAT2021 is optimized for the North Atlantic
region. The data coverage in the region was been maximized by obtaining all
freely available data. The model’s parametrization and regularization are specif-
ically fine-tuned for the region. Meticulous, manual quality control includes the75
identification of imaging artifacts and the identification and removal of the data
from stations in the region that cause them. Earthquake source parameters are
taken from the Global Centroid-moment-tensor (GCMT) catalogue[33] since
1994, with a distance-magnitude varying threshold[34]. As a result, each node
of the final tomographic model is sampled by over 25000 fits in the study area80
and at least 3807 globally (Fig. 2). Under the best-sampled parts of the region
(USA and western Europe), the number of waveform fits sampling each node
can be as high as 213872.
After download, we quality-control the waveforms for clipping and gaps, en-85
suring that the whole waveform—and especially the surface wave train—is fully
recorded; after that, each trace is response corrected and downsampled to 1 Hz.
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The successfully retrieved traces undergo a three-step inversion procedure. At
first, we invert the seismogram using AMI[32]. AMI computes synthetic seismo-
grams by modal summation and fits the surface, S- and multiple S-waves to the90
observed ones within a complex set of weighted time-frequency windows. By
minimizing the misfit in the time domain, AMI produces for each fit a set of lin-
ear equations with uncorrelated uncertainties[35] describing the average S- and
P -wave velocity variations from a 3D reference model within approximate sensi-
tivity volumes[32]. In the second step, all equations are inverted jointly for the95
distribution of P - and S-wave velocities and 2Ψ S-wave azimuthal anisotropy
in 3D[36] using LSQR[37] with smoothing and slight norm damping[35]. We
parametrize the tomographic model using a dense triangular grid[38] with ap-
proximately 120 km lateral knot spacing and 18 and 10 triangular radial basis
functions for S- and P -wave velocities, respectively (S-wave velocities: 7, 20,100
36, 56, 80, 110, 150, 200, 260, 330, 410-, 410+, 485, 585, 660-, 660+, 809 and
1007 km; P -wave velocities: 7, 20, 36, 60, 90, 150, 240, 350, 485 and 585 km).
Perturbations of the model parameters are computed with respect to the same
3D model used in AMI, which is a combination of a modified CRUST2[39] with
added topography and our own global 1D mantle average[36]. In the third and105
final step of our inversion procedure, we identify and remove outliers, exploit-
ing the substantial redundancy of our dataset. Outliers are mostly related to
errors in the source location and origin time and station timing[40]. In order to
identify these outliers, we first compute an initial tomographic model mi, which
will be polluted by such data errors. We then compute the synthetic data dsyn110
(the equations describing the average P - and S-wave variations beneath the
sensitivity areas) by multiplying the initial model by the sensitivity matrix A.
Finally, we compare the original dobs and synthetic dsyn data and reject the ones
with the largest misfit. This outlier-analysis procedure identifies and retains the
most mutually consistent data and is effective in removing the data with large115
errors. Its effectiveness is confirmed, for example, by the disappearance of many
obvious artifacts in the initial model, which often stand out as high-amplitude
anomalies beneath some of the sources and stations.
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The final model NAT2021 (Figs. 3, 4) is constructed with global data but120
is specifically developed for and optimized within the North Atlantic region in
terms of the dataset, parametrization and regularization. Compared to our re-
cently published model of the South Atlantic region[41], for example, NAT2021
has a much finer gridding and an adapted, spatially variable regularisation
scheme, introduced to utilize the denser but highly uneven data sampling. Com-125
pared to the previously published models of the Northeast Atlantic-Greenland
region, constructed using similar methods[34, 42], NAT2021 is constrained by
a significantly greater amount of new, regional data in the study area, which
yields a substantially higher resolution. In NAT2021, the resolution is also
explicitly variable and changes, laterally and vertically, in concert with data130
sampling, which is implemented for the first time in full using regularization
coefficients that scale in 3D with the variations of data sensitivity, estimated
using the sensitivity-matrix column sums (appendix A, figs. S1, S2). Compared
to body-wave tomography, waveform tomography is less dependent on the dis-
tributions of seismic stations and the associated ray paths of the teleseismic135
body waves—highly uneven in the NE Atlantic—and yields dense sampling of
the region everywhere. Compared to models computed using spectral element,
waveform simulations[10], our inversion utilizes a dataset that is larger by or-
ders of magnitude. The large amount of data provides the dense sampling that
is essential for the imaging of the North Atlantic Ocean and Greenland, where,140
compared to the well-sampled continents, data coverage is scarcer.
2. Results
At long wavelengths, NAT2021 is consistent with previous global and re-
gional models[29, 10, 34, 43, 42], showing low velocities beneath the MAR—145
lowest close to Iceland and the Reykjanes and Kolbeinsey Ridge—and high
velocities beneath the Baltic Shield and the North American and Greenland
6
Cratons (Figs. 3, 4). Under both the continents and the ocean, however, our
model brings into focus fine-scale, detailed features within the lithosphere and
underlying mantle that were unseen or less clear in previous models.150
Under the ocean, compared to recent waveform tomography models[34, 44,
43, 10] (Fig. 5), we identify more heterogeneous structure along the MAR close
to Iceland. Strong low-velocity anomalies under the Reykjanes, Kolbeinsey and
Mohns Ridges (Figs. 1, 4) stand out compared to mid-ocean ridges on average155
(Fig. S3). The Vs anomaly beneath the MAR close to Iceland exceeds -8%
and extends over a relatively broad region. Such velocities are indicative of
decompression melting over broad areas, unusual for a slow-spreading MAR[45]
but consistent with the presence of an upwelling of hotter mantle. Under the
Reykjanes Ridge, the very low velocities locate symmetrically around the ridge160
axis and are confined to depths smaller than 300 km. Under the Kolbeinsey and
Mohns Ridge and next to Jan Mayen, velocity minima are located systemati-
cally west of the MAR in the 36-330 km depth range, whereas to the east of the
ridge we observe average Vs or mildly positive Vs anomalies. The extinct Aegir-,
Baffin Bay- and Labrador Ridge are not underlain by low-velocity anomalies in165
the shallow upper mantle, in agreement with the ceasing of seafloor spreading
at 24 and 33 Ma, respectively[46]. In the TZ, the lowest velocities locate under
central eastern Greenland, from where they connect to shallower low-velocity
anomalies under the North Atlantic and Baffin Bay.
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In the lithosphere beneath Greenland, we image fine-scale structure within
the North Atlantic and Rae Cratons, only recently imaged as separate[42]. In
the north, we identify for the first time two, clearly separate high-velocity units
within the previously proposed boundaries of the Rae Craton (Fig. 4). Because
the smallest, western cratonic unit partially locates underneath the extent of175
the Melville and Inglefield Belts (Fig. 1), we identify it as the Inglefield-Melville
Craton. In southern Greenland, we image the North Atlantic Craton as a high
velocity block between the coastal outcrops of the Proterozoic Nagssugtoqidian
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and Ammassalik Belts, but notably not under its inferred inland extent to the
south. The Rae and Inglefield-Melville Cratons in the north are separated from180
the North Atlantic Craton in the south by an area with much smaller positive
anomalies at 110-200 km depths (3-5% vs. 8+% dVs at 150 km) under cen-
tral Greenland. In central eastern Greenland, geochemical data indicate the
interaction of plume material and Archean crust in the Miocene[47], but the
adjacent fast lithosphere is thinner than most cratons. We suggest that this185
thin—and possibly independent—cratonic block may have been eroded by the
Iceland Plume, similarly to the ongoing erosion of the Tanzanian Craton in
Africa[48], although we cannot rule out an earlier modification of the craton’s
lithosphere.
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Under the Eurasian Plate, previous images from waveform tomography[10]
showed low-velocity “fingers” reaching from Iceland towards the Irish Sea and
Southern Norway, either side of a high-velocity anomaly beneath the North Sea.
NAT2021 features a broadly similar pattern, with lower velocities surrounding
a fast North Sea Basin at 100-200 km depth (Fig. 4). The differences between195
images are, in part, due to the differences in the reference models and also due
to the horizontally polarized VSH values [10] being different from the vertically
polarized VSV ones, imaged here, due to radial anisotropy. Regardless of that,
the models clearly agree that the low-velocity anomalies beneath Iceland and
the MAR are much stronger than elsewhere within the ocean basin.200
3. Discussion
3.1. Asymmetric low velocities in the NE Atlantic upper mantle
Our images indicate the presence of a large volume of anomalously hot man-
tle, located under eastern Greenland in the TZ, deflected, as it rises, primarily205
to the east by the lithospheric keels of the North Atlantic and Rae Cratons, and
connecting to the anomalously low velocities under Iceland and the MAR (Fig.
8
6).
North of Iceland, we observe low velocities in the 36-660 km depth range (Fig.
4) that, at depths greater than 200 km, locate mostly west of the MAR, under210
the North American Plate (NAP). By averaging NAT2021 over oceanic litho-
sphere of the same age under the oceanic portions of the North American and
Eurasian Plates in the Northeast Atlantic, we can see that, on average, the
lithosphere and asthenosphere under the NAP is slower at all ages (Fig. 7).
Subtraction of the global average, ”normal cooling” velocity anomaly (Fig. S3)215
from the local averages shows that the mantle beneath the oceanic portion of
the NAP is markedly hotter than both the average oceanic lithosphere and the
Eurasian Plate oceanic lithosphere of the same age, except for the region close
to the ridge axis, where the upper mantle is anomalously hot on both sides.
Under the NAP, the upper mantle is anomalously slow from the lithosphere220
down to the TZ, consistent with the presence of the large low-velocity body we
observe rooted in the TZ beneath eastern Greenland. Thinner lithosphere and
hotter asthenosphere should result in more widespread decompression melting
below the lithosphere-asthenosphere boundary (LAB) and, indeed, recent com-
pilations of intraplate volcanism show a larger amount of seamount-like oceanic225
igneous features (SOIFs) in the western Northeast Atlantic[31]. By counting
only the SOIFs on the oceanic lithosphere, 205 locate on the NAP—including
the Vesteris seamount, the largest in the region—and only 104 are found on
the Eurasian Plate (Fig. 7). This suggests that the distribution of intraplate
volcanism is influenced by the upwelling of hot mantle we observe beneath the230
western part of the basin.
South of Iceland, the Reykjanes Ridge shows a strong low-velocity anomaly,
symmetric relative to the ridge axis (Fig. 4). The Reykjanes Ridge has long
been considered an area of plume-ridge interaction[3, 49, 50], with hot mantle
flowing horizontally from Iceland[3]. Our tomographic images suggest that the235
plume material rises upwards and eastwards from under Greenland and then
follows the MAR southwards in the shallow upper mantle to under the Reyk-
janes Ridge. This indicates that once the flow of the hot material reaches the
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shallow asthenosphere, it is captured by the ridge and, instead of proceeding
further east, flows southwards along the ridge axis, channelled within the thin-240
ner lithosphere beneath it[51, 52].
3.2. The Iceland Plume
The complex, low-velocity body that we interpret as the seismic expression
of the Iceland Plume differs from the schematic image of a narrow, vertical245
mantle plume and, also, from many of the tomographic images published previ-
ously. The plume conduit comes into focus in our model thanks to the recently
improved data coverage in the region, which our tomography has utilized. A
signature of this anomaly, however, can be seen in other recent models. The
complexities of the plume-material flow that we resolve can also account for250
other geophysical and geological observations.
Many seismic studies[5, 6, 7, 10, 34, 16] detected low velocities in the man-
tle under Iceland, some interpreting them as a deep mantle plume and others
arguing, instead, that the anomaly was confined to the upper part of the upper255
mantle[13, 11, 8] and was not of plume origin. Our model indicates that the
morphology of the plume conduit has elements consistent with both views: the
main anomaly extends down to the bottom of our model in the TZ, but its deep
part is not beneath Iceland.
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In the TZ, we image the plume more than 900 km northwest of Iceland,
under eastern Greenland (Fig. 8b,c). P -wave tomography studies showed low-
velocities beneath eastern Greenland as early as the 1990s[7], interpreting them
as one of many branches of the plume, and the same feature can be seen in
many recent P - and S-wave models (Fig. S4). Most P -wave models that yield265
the highest resolution in the NE Atlantic show pronounced low velocities in the
TZ under eastern Greenland (Fig. S5), in agreement with NAT2021. Some,
although not all, body-wave models also show low velocities in the TZ directly
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underneath Iceland. Body-wave models achieve the best resolution at depths
sampled by crossing rays. In the upper mantle, they can be strongly biased270
by ray-path geometry[13] and station distribution, which is characterized by an
isolated station cluster in Iceland. Seismic stations in eastern Greenland, on
the other hand, are distributed more evenly, especially if recent deployments
are included, so that the low velocities imaged beneath it—in agreement with
NAT2021—are not likely to be an artifact caused by ray path geometry.275
TZ thickness (dHTZ) is a reliable gauge of the TZ temperature, with thin TZ
indicative of anomalously high temperatures within it[53]. An area of thin TZ
was detected beneath southern Iceland by receiver functions[12] and interpreted
as evidence for a plume conduit. More recently, a study using a much larger280
regional dataset[54] revealed that the previously detected TZ thinning was one
part in a pattern of small-scale, dHTZ variations around Iceland, changing from
positive to negative over length scales of a few hundred kilometers (Fig. 8b,c).
Interestingly, similar dHTZ variations have been mapped beneath the Hawaii
Hotspot[55], suggesting that downwellings of portions of lithospheric mantle285
material may occur commonly in the vicinity of an active volcanic hotspot[56].
Beneath Greenland, both NAT2021 and receiver functions[54] display broad,
prominent anomalies indicative of high temperature, with the lowest velocities
and thinnest TZ collocated beneath eastern Greenland. Here, the reported dHTZ
is up to 10-12 km lower than global average—depending on the tomographic290
model used in converting the differential delay times to the TZ thickness (Fig.
S6, appendix B). We correct the dHTZ anomaly computed in a global-average
seismic velocity model by using the mineralogical Clapeyron slopes of the phase
transformations that give rise to the 410 and 660-km discontinuities[53]. Ap-
plying this correction, confirmed by seismic data[53], we estimate an excess295
temperature of 120-140◦ K in the TZ under eastern Greenland. This is consis-
tent with independent petrological estimates for the temperature anomaly in the
asthenosphere beneath Iceland[57]. Overall, the distribution of dHTZ[54] shows
a strong similarity to that of S-wave velocities in the TZ (Fig. 8c). NAT2021 is
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smoother than the distribution of dHTZ measurements, and shows no anomaly300
to a weak positive anomaly close to Iceland, likely reflecting an averaging out
of small-scale positive and negative anomalies evidenced by receiver functions.
Evidence from receiver functions and tomography is thus consistent and indi-
cates that the largest thermal anomaly in the TZ is located beneath eastern
Greenland, not beneath Iceland. If a hot (and thus seismically slow) anomaly of305
comparable size were present below Iceland, NAT2021 would be able to resolve
it, as confirmed by structural resolution tests (Fig. S7, appendix B).
The downward continuation of the plume anomaly into the lower mantle is
beyond the 660-km depth limit of NAT2021, but we can compare our model with310
published whole-mantle models (Fig. 9). P- and S-wave whole-mantle models
(Fig. S4) can differ substantially in the region—and S-wave models especially—,
but beneath the Northeast Atlantic they consistently image a low-velocity con-
duit that is strongly tilted in the NW-SE direction (Fig. S5), with a pronounced
kink at 1000 km depth that changes the upwelling direction from SE to NW,315
pointing towards both Iceland and Greenland in the TZ and upper mantle. In
the shallow lower mantle and TZ, above 1000 km depth, older and smoother
models favour a slightly tilted conduit rising quasi-vertically beneath Iceland, in
agreement with early studies[7, 12] and the vertical plume paradigm. More re-
cent and detailed models however show a strong tilt in the conduit, with many320
of the low velocities reaching eastern Greenland in the TZ (Fig. S5), where
NAT2021 maps the plume. Interestingly, NAT2021 images a high velocity body
in the deep upper mantle extending from Britain and Ireland to southern Ice-
land within the TZ (Fig. 8b). This anomaly is also seen in most P - and S-wave
models (Figs. 9, S4, S5), with its deepest point sitting directly above the kink325
in the plume conduit at 1000 km depth. Its presence and location may indicate
a cold downwelling interfering with the plume, possibly contributing to the ob-
served change in the conduit direction.
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3.3. Mantle structure and NAIP magmatism330
In the shallow upper mantle, the plume location imaged by NAT2021 is
consistent with the recent volcanism and seamount distribution (Fig. 7). By
rotating NAT2021 following plate reconstructions[58], we can explain some of
the complexity of the NAIP by comparing the lithospheric structure, the loca-
tion of the plume stem in the TZ according to NAT2021 and the distribution335
of volcanism over the past 60 My (Fig. 10). Different plate reconstructions and
global hotspot reference frames, however, can yield very different hotspot tracks,
and the plume itself may have moved and tilted in time[23]. In NAT2021 we
observe that the greatest tilt of the plume’s axis is found in the sub-lithospheric
upper mantle, where it interacts with the complex topography of the LAB (Fig.340
8b). For this reason, we choose to reconstruct the location of the plume stem in
the TZ (identified as the TZ average -1% dVs), beneath this large tilt. While
the stem may also have moved in time because of mantle wind, the conduit we
image in the TZ is over 300 km in diameter, and fits both static- and moving
hotspot tracks within its area (Fig. 10d); we assume its location as static for345
the purposes of this reconstruction.
At 60 Ma, the plume was beneath the western Rae craton, probably caus-
ing the early NAIP volcanism in western Greenland. At 45 Ma, the plume
stem was in the middle of the continent, between the North Atlantic and Rae
cratons, with the flow of the plume material west and east within the thinner-350
lithosphere corridor causing the quasi-simultaneous volcanism in western and
eastern Greenland[25, 23]. Later, with Greenland slowly moving north-west
over the plume, the volcanism in western Greenland waned, the plume ma-
terial now being deflected east by the continental lithosphere thickness varia-
tions. Eventually, volcanism in Greenland mostly ceased as the plume was cap-355
tured by the spreading ridge, with the only site of recent, post-breakup on-shore
magmatism[47] located directly above the plume stem imaged by NAT2021.
The reconstructed positions of both the plume stem and the Iceland Hotspot
are far from the location of the British Tertiary Igneous Province (BTIP), also
attributed to the Iceland Plume activity[27, 30, 10], which prompts the question360
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of why the plume could reach the BTIP during the Paleocene but has remained
at, and west of, the MAR since then. Before the onset of the seafloor spreading,
the thick lithosphere of the Rae and Baltic cratons bordered the thinner conti-
nental lithosphere of the Eurasian margin, which likely had only mild variations
in thickness, not obstructing and possibly guiding the southeastward flow of the365
hot asthenosphere from the plume. With the onset of seafloor spreading 56 Myr
ago, the strong thinning of the lithosphere along the ridge axis formed a valley
that captured the plume material and diverted its flow to north and south along
its axis. The plume was then captured by the ridge, and the volcanism of the
BTIP waned[25].370
4. Conclusion
The uneven distribution of seismic stations in the Northeast Atlantic region
has long posed a challenge to tomographic imaging, fuelling decades of debate
on the nature and shape of the Iceland Plume. With NAT2021, we collected
all available data in the region, including newly available data from Greenland,375
North America and northwestern Europe, to constrain a new model of the crust
and upper mantle beneath it. Compared to previous global and regional models,
NAT2021 has a substantially higher resolution, resulting from the unprecedented
data coverage and an adaptive regularisation scheme. In Greenland, the model
reveals, for the first time, three separate cratonic cores, with the Inglefield-380
Melville Craton in its northwestern corner separated from the rest of the Rae
Craton by a belt of thinner lithosphere. In the shallow upper mantle beneath
the Northeast Atlantic Ocean, our model displays in detail the complexity of
the low-velocity anomalies beneath the MAR and Iceland. It shows a generally
hotter lithosphere west of the ridge, in agreement with the distribution of recent385
intraplate volcanism. At greater depths, a large low velocity body, located be-
neath central-eastern Greenland in the transition zone, rises at an angle towards
Iceland and the MAR, following the gradient of the lithospheric thickness of the
cratons in Greenland and the cooling oceanic lithosphere. The vertical conti-
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nuity of this prominent anomaly identifies the low-velocity body as the Iceland390
Plume.
Our novel view of the plume is in agreement with recent, independently de-
rived data on seamount volcanism and with the evidence from seismic receiver
functions. We suggest that it reconciles the alternative views which, until now,
seemed mutually exclusive: the pronounced low-velocity anomaly that we im-395
age beneath Iceland itself extends down to 350-400 km depth only, but this is
because the plume conduit tilts to the NNW with increasing depth, reaching
to beneath eastern Greenland in the transition zone. The tomographic images
of the plume, together with the geological and geochemical data on the NAIP
magmatism, show how the morphology of the hot mantle upwelling is formed400
by its interaction with the thick cratonic lithosphere of Greenland and with the
spreading MAR, which has captured the plume.
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Appendix A. Adaptive regularization430
The linear inversion is regularized by lateral and vertical smoothing and
a slight norm damping. Typically, a single coefficient determines the amount
of norm damping or smoothing applied for each parameter, which will affect
variously sampled nodes differently. A choice of norm damping suitable for
imaging a well-sampled lithosphere will result in overdamping of deeper, less435
sampled nodes, lowering the amplitudes of the anomalies; conversely, the less
sampled—and thus more susceptible to errors—greater depths would benefit
from more smoothing, undesired in the well sampled lithosphere. This issue
is prominent in global tomographic imaging due to the very strong lateral and
vertical variations in sampling (Fig. 2).440
In order to account differently sampled nodes, we scale regularization with data
sampling in three-dimensions (3D). This is implemented by scaling the norm
damping and lateral smoothing coefficients with the sums of the columns of
the sensitivity matrix. Column sums are quantities that contain information
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on the number of sensitivity areas sampling the node, the sensitivity kernel445
weights and the path-similarity weights[36], making them good indicators of
data sensitivity. We scale norm damping proportionally to the column sums,
while lateral smoothing is scaled inversely. This way, well sampled nodes will be
more damped and less smoothed while poorly sampled ones will be less damped
but smoothed more. The regularization coefficients for both lateral smoothing450
and norm damping are separately scaled vertically and horizontally :




, fsH(i, j) =
cs(i, j)/csmax(j) + εH
εH + 1
; (2)
where f(i, j) is the regularization factor for the i-th node of the model grid at
the j-th depth layer. f0 is the initial, unscaled regularization factor, fsV (j)
and fsH(i, j) the vertical and horizontal scaling and cs(i, j) the column sums.455
Vertical scaling fsV (j) takes into account the change of the column sums across
depth layers, and is based on their j-th depth layer average csave(j), normalized
to the global maximum csmax. Horizontal scaling fsH(i, j) includes the lateral
variations of column sums at each i-th point within each j-th layer, normalized
to the layer maximum csmax(j). The ε values determine how much each scaling460
is effective, and are chosen empirically. For ε = 0, the scaling factor is equal
to the normalized column sums, yielding the largest scaling. Increasing ε will
progressively reduce the effect of the column sum scaling in a non-linear way
(Fig. S1).
While our intention is to make the regularization take sampling into account,465
it is advisable to choose non-zero ε values for norm-damp scaling to tame the
effect of data errors and inconsistencies in the model. For smoothing scaling,
the same rule applies to prevent over-smoothing of greater depths and least
sampled areas resulting from the very large values of 1/fs (Fig. S1).
The effects of different ε values for both vertical and horizontal scaling are shown470
in Fig. S2 at 56, 150 and 485 km depth. Scaling factor values are normalized
to the global average to highlight the variance. Lower ε values allow for greater
variation in the scaling factor, while higher values produce almost no scaling.
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For low εV and high εH , little scaling is visible for each depth layer, but the co-
efficients change noticeably across depths. For high εV and low εH , we observe475
strong lateral changes, while the coefficients vary only mildly with depth, due
to the average vertical variations of the column sums.
For our final model, we chose mild vertical- and strong lateral scaling values
for both norm damping and lateral smoothing (Fig. S1). The choice of a mild
vertical scaling is to both avoid underregularization of deeper, less constrained480
depths, and to account for the vertical changes inherently present within the
horizontal scaling (i.e. there are less areas of highly sampled nodes at great
depths). Additionally, we introduce a layer-average manual scaling (Fig. S2d,
h): for norm damping, we reduce the coefficients at the discontinuities, to ac-
count for the presence of adjacent node layers; for lateral smoothing, we increase485
the coefficients at shallow depths, to smooth high-frequency oscillations.
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[17] P. Glǐsović, A. M. Forte, Two deep-mantle sources for Paleocene doming
and volcanism in the North Atlantic, Proceedings of the National Academy
of Sciences (2019) 1–6doi:10.1073/pnas.1816188116.
[18] I. T. Bjarnason, H. Schmeling, The lithosphere and asthenosphere of the545
Iceland hotspot from surface waves, Geophysical Journal International
178 (1) (2009) 394–418. doi:10.1111/j.1365-246X.2009.04155.x.
[19] T. H. Torsvik, H. E. F. Amundsen, R. G. Trønnes, P. V. Doubrovine,
C. Gaina, N. J. Kusznir, B. Steinberger, F. Corfu, L. D. Ashwal, W. L.
Griffin, S. C. Werner, B. Jamtveit, Continental crust beneath southeast550
Iceland., Proceedings of the National Academy of Sciences 112 (15) (2015)
E1818–27. doi:10.1073/pnas.1423099112.
[20] M. J. Hoggard, N. White, D. Al-Attar, Global dynamic topography ob-
servations reveal limited influence of large-scale mantle flow, Nature Geo-
science 9 (6) (2016) 456–463. doi:10.1038/ngeo2709.555
20
[21] J. Fitton, A. Saunders, M. Norry, B. Hardarson, R. Taylor, Thermal and
chemical structure of the Iceland plume, Earth and Planetary Science Let-
ters 153 (3-4) (1997) 197–208. doi:10.1016/s0012-821x(97)00170-2.
[22] J. Korenaga, P. B. Kelemen, Major element heterogeneity in the mantle
source of the North Atlantic igneous province, Earth and Planetary Science560
Letters 184 (1) (2000) 251–268. doi:10.1016/S0012-821X(00)00308-3.
[23] B. Steinberger, E. Bredow, S. Lebedev, A. Schaeffer, T. H. Torsvik,
Widespread volcanism in the GreenlandNorth Atlantic region explained
by the Iceland plume, Nature Geoscience 12 (2019) 61–68. doi:10.1038/
s41561-018-0251-0.565
[24] M. Ganerød, M. A. Smethurst, T. H. Torsvik, T. Prestvik, S. Rousse,
C. McKenna, D. J. van Hinsbergen, B. W. Hendriks, The North Atlantic
Igneous Province reconstructed and its relation to the Plume Generation
Zone: The Antrim Lava Group revisited, Geophysical Journal International
182 (1) (2010) 183–202. doi:10.1111/j.1365-246X.2010.04620.x.570
[25] C. M. Wilkinson, M. Ganerød, B. W. H. Hendriks, E. A. Eide, Compilation
and appraisal of geochronological data from the North Atlantic Igneous
Province (NAIP), Geological Society, London, Special Publications 447 (1)
(2016) 69–103. doi:10.1144/SP447.10.
[26] P. Japsen, J. A. Chalmers, Neogene uplift and tectonics around the North575
Atlantic: Overview, Global and Planetary Change 24 (3-4) (2000) 165–173.
doi:10.1016/S0921-8181(00)00006-0.
[27] N. White, B. Lovell, Measuring the pulse of a plume with the sedimentary
record, Nature 387 (6636) (1997) 888–891. doi:10.1038/43151.
[28] C. M. Schoonman, N. White, D. Pritchard, Radial viscous fingering of580
hot asthenosphere within the Icelandic plume beneath the North Atlantic
Ocean, Earth and Planetary Science Letters 468 (2017) 51–61. doi:10.
1016/j.epsl.2017.03.036.
21
[29] M. L. Amaru, Global travel time tomography with 3-D reference models,
Ph.D. thesis, Utrecht University (2007).585
[30] S. J. Arrowsmith, M. Kendall, N. White, J. C. VanDecar, D. C. Booth,
Seismic imaging of a hot upwelling beneath the British Isles, Geology 33 (5)
(2005) 345–348. doi:10.1130/G21209.1.
[31] C. Gaina, A. Blischke, W. H. Geissler, G. S. Kimbell, O. G. Erlendsson,
Seamounts and oceanic igneous features in the NE Atlantic: A link between590
plate motions and mantle dynamics, Geological Society Special Publication
447 (1) (2017) 419–442. doi:10.1144/SP447.6.
[32] S. Lebedev, G. Nolet, T. Meier, R. D. van der Hilst, Automated multimode
inversion of surface and S waveforms, Geophysical Journal International
162 (3) (2005) 951–964. doi:10.1111/j.1365-246X.2005.02708.x.595
[33] G. Ekström, M. Nettles, A. M. Dziewonski, The global CMT project 2004-
2010: Centroid-moment tensors for 13,017 earthquakes, Physics of the
Earth and Planetary Interiors 200-201 (2012) 1–9. doi:10.1016/j.pepi.
2012.04.002.
[34] A. J. Schaeffer, S. Lebedev, Global shear speed structure of the upper man-600
tle and transition zone, Geophysical Journal International 194 (1) (2013)
417–449. doi:10.1093/gji/ggt095.
[35] G. Nolet, Partitioned Waveform Inversion and two-dimensional struc-
ture under the network of autonomously recording seismographs, Jour-
nal of Geophysical Research 95 (89) (1990) 8499. doi:10.1029/605
JB095iB06p08499.
[36] S. Lebedev, R. D. van der Hilst, Global upper-mantle tomography with the
automated multimode inversion of surface and S-wave forms, Geophysical
Journal International 173 (2) (2008) 505–518. doi:10.1111/j.1365-246X.
2008.03721.x.610
22
[37] C. C. Paige, M. A. Saunders, LSQR: An Algorithm for Sparse Linear Equa-
tions and Sparse Least Squares, ACM Transactions on Mathematical Soft-
ware 8 (1) (1982) 43–71. doi:10.1145/355984.355989.
[38] Z. Wang, F. A. Dahlen, Spherical-spline parameterization of three-
dimensional Earth models, Geophysical Research Letters 22 (22) (1995)615
3099–3102.
[39] C. Bassin, G. Laske, G. Masters, The Current Limits of Resolution for
Surface Wave Tomography in North America, EOS Trans AGU 81 (2000)
F897.
[40] C. P. Legendre, T. Meier, S. Lebedev, W. Friederich, L. Viereck-Götte, A620
shear wave velocity model of the European upper mantle from automated
inversion of seismic shear and surface waveforms, Geophysical Journal In-
ternational 191 (1) (2012) 282–304. doi:10.1111/j.1365-246X.2012.
05613.x.
[41] N. L. Celli, S. Lebedev, A. J. Schaeffer, M. Ravenna, C. Gaina, The up-625
per mantle beneath the South Atlantic Ocean , South America and Africa
from waveform tomography with massive data sets, Geophysical Journal
International 221 (2020) 178–204. doi:10.1093/gji/ggz574.
[42] S. Lebedev, A. J. Schaeffer, J. Fullea, V. Pease, M. Square, Seismic tomog-
raphy of the Arctic region: inferences for the thermal structure and evo-630
lution of the lithosphere, in: V. Pease, B. Coakley (Eds.), Circum-Arctic
Lithosphere Evolution, Geological Society of London Special Publication,
2018. doi:https://doi.org/10.1144/SP460.10.
[43] S. W. French, V. Lekic, B. Romanowicz, Waveform tomography reveals
channeled flow at the base of the oceanic asthenosphere., Science 342 (6155)635
(2013) 227–30. doi:10.1126/science.1241514.
[44] E. Debayle, F. Dubuffet, S. Durand, An automatically updated S -
wave model of the upper mantle and the depth extent of azimuthal
23
anisotropy, Geophysical Research Letters 43 (2) (2016) 674–682. doi:
10.1002/2015GL067329.640
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North American Plate Eurasian Plate
Figure 1: Simplified tectonic map of the Northeast Atlantic region. A compilation of
continental bedrock geology[59, 60, 61, 62, 63] (colored by age) and igneous features (colored
by type and facies) is plotted on top of topography. Submerged volcanic facies[64] are shown
in green colors (SDRs: seaward-dipping reflectors). Other igneous features are shown in red:
circles are on-shore volcanism[65]; polygons are SOIFs[31] and LIPs[66]. Hotspots are shown
as yellow diamonds, past (dashed) and present (solid) mid-ocean ridges are plotted in green:
AR, Aegir; BR, Baffin Bay; KR, Kolbeinsey; KnR, Knipovich; LR, Labrador; MR, Mohns;
RR, Reykjanes. Mobile belts: Am, Ammassalik; In, Inglefield-Melville; Na, Nagssugtoqidian;
Rk, Rinkian.
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Figure 2: Data coverage for the NAT2021 tomographic model. a,b) number of ap-
proximate sensitivity areas sampling each node both in the study region and globally. The
location of the study area on the globe is shown as black and white lines. The shape—and
thus the counting—of the sensitivity areas is depth-invariant. Stations are shown as red tri-
angles, events as yellow circles. c-f) model sensitivity for NAT2021 at 56, 110, 330 and 485
km depth. The sensitivity is represented by the sums of the columns of the sensitivity matrix
(see appendix A), in percentage from the max at depth (indicated on the top right corner).
In all panels past and present-day plate boundaries area shown in black.
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Figure 3: Horizontal slices through NAT2021. S-wave velocity anomalies, in % from the
reference, are shown at 20, 36, 56, 80, 110, 150, 200, 260, 330, 410, 485, 585 km depth. Depth
is shown on the top left of each panel, reference velocity in the mantle on the top right. In
the crust, the reference is the modified[36] CRUST 2.0[39]. Past (dashed) and present (solid)















































































Figure 4: Depth slices through NAT2021 at 56, 150, 330 and 485 km depths in
perspective view. Depth is shown on the top left of each panel, reference velocity on the
top right. Hotspots are shown as yellow diamonds, past (dashed) and present (solid) plate
boundaries are plotted in green.
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Figure 5: Comparison of waveform tomography models in the NE Atlantic. a)
NAT2021; b) SL2013sv[34], c) 3D2016Sv[44], d) SEMum2[43], e) CSEM[67], which in this
region directly includes[10]. Each model is plotted at the depth node closest to 50, 100, 300
and 485 km depth. Velocity anomalies are computed with respect to the global average at
depth. Reference velocity is plotted on the top right of each panel. Past (dashed) and present



























Figure 6: 3D plot of the Iceland Plume as imaged by NAT2021. The plume is
shown using -0.75, -3 and -7.5% velocity anomaly contours between 56 and 550 km depth.
Topography is shown on top, with isopachs every km depth. The plot is underlain by the depth
slice at 550 km depth. Black outlines mark the 56 km depth and the 410 km discontinuity.
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Figure 7: East-West asymmetry of the mantle structure and volcanism in the
Northeast Atlantic. a) mapview of NAT2021 at 80 km depth. The boundaries of the NE
Atlantic oceanic portions of the North American Plate (NAm) and Eurasian Plate (Eu) are
plotted in dark green and blue, respectively, with lithospheric age contours every 10 Myr.
Past (dashed) and present (solid) plate boundaries are plotted in green. Oceanic SOIFs[31]
are colored based on the plate they are located on. Other, continental SOIFs are plotted
in red. VS: Vesteris Seamount. b) age-average S-wave velocity anomaly under the oceanic
portions of the North American and Eurasian Plates, within the boundaries shown on the
map. c) difference between the local- and global age-averages (Fig. S3), with histograms of
the distribution of SOIFs on the oceanic lithosphere of different ages on top. In all panels,
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Figure 8: Upper mantle and transition zone beneath Iceland and Greenland. a) map
of the cross-section. b) cross-section through the Iceland Plume anomaly in NAT2021. The
410 km discontinuity is marked with a dashed black line. c) average S-wave velocity anomaly
in the transition zone (410-660 km depth range) from NAT2021, with TZ thickness variations
from receiver functions[54], smoothed (Fig. S6) and superimposed as colored circles. The
location of thinnest TZ from[12] is shown with a red cross. Past (dashed) and present (solid)
plate boundaries are plotted in green.
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Figure 9: Comparison of NAT2021 to whole-mantle tomographic models in the
NE Atlantic. a) NAT2021; b) S40RTS[68], c) UU-P07[29] and d) TX2019slab-P[69]. Each
model is plotted at the depth node closest to 300 and 485 km depth and in a NW-SE vertical
cross-section, mapped in panel e). Velocity anomalies are computed with respect to the
global average at depth for VS and with respect to AK135[70] for VP . The saturation of the
colormap used in the vertical cross-sections is different for VS and VP and is indicated in
the bottom left color scale.The model type (P - or S-wave) is indicated on the top right of
each column. Reference velocity is plotted on the top right of each panel. Past (dashed) and
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Figure 10: Lithospheric structure, plate positions, volcanism and hotspot locations
in a mantle reference frame at 60, 45, 35 and 0 Ma. Present-day structure of the
lithosphere is assumed at all ages, regionalized using the 56-200 km depth average dVs from
NAT2021. Dark blue indicates the coldest, thickest lithosphere (cratons; average dVs ≥ 4%);
yellow? thinnest, warmest lithosphere (tectonically active or thinned; dVs ≤ -1% ), and light
blue?intermediate lithosphere (stable non-cratonic platforms or oceanic lithosphere; dVs 1-
4%). Grey polygons represent plate boundaries. The location of the plume stem in the TZ
(computed as average -1% dVs at 410-600 km depth) is shown as a dashed black contour, and
is assumed to be stationary in the mantle. Dated extrusive igneous rocks[25] are shown as
red circles. LIPs are shown as red polygons. Moving[71] and static hotspot tracks for Iceland
are yellow and cyan diamonds and lines, respectively. Reconstructions are performed using
rotations from[58].
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